Abstract-In this paper, we first report a micropump actuated by surface tension based on continuous electrowetting (CEW). We have used the surface-tension-induced motion of a mercury drop in a microchannel filled with an electrolyte as actuation energy for the micropump. This allows low voltage operation as well as low-power consumption. The micropump is composed of a stack of three wafers bonded together. The microchannel is formed on a glass wafer using SU-8 and is filled with electrolyte where the mercury drop is inserted. The movement of the mercury pushes or drags the electrolyte, resulting in the deflection of a membrane that is formed on the second silicon wafer. Another silicon wafer, which has passive check valves and holes, is stacked on the membrane wafer, forming inlet and outlet chambers. Finally, these two chambers are connected through a silicone tube forming the complete micropump. The performance of the fabricated micropump has been tested for various operation voltages and frequencies. We have demonstrated actual liquid pumping up to 70 l/min with a driving voltage of 2.3 V and a power consumption of 170 W. The maximum pump pressure is about 800 Pa at the applied voltage of 2.3 V with an operation frequency of 25 Hz.
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I. INTRODUCTION
T HERE is strong demand for miniaturized flow control devices, including micropumps, microvalves, and micromixers in the fields of miniaturized chemical analysis systems such as micro total analysis systems ( TAS) or lab-on-a-chip, as well as embedded medical devices, micro-dosing systems, and miniaturized production systems. Micromachining and microelectromechanical systems (MEMS) technology have increased the performance and functionality of such microfluidic devices with cost effective miniaturization and has made it possible to integrate them with microsensors and control circuitry, which has opened the new application fields mentioned above.
The micropump is a key component that exerts a force on a liquid to sample blood or water, dose a drug, and allow liquid to flow. Though some micropumps are nonmechanical types utilizing electrohydrodynamic, electroosmotic, ultrasonic or thermocapillary forces, most micropumps are mechanical types composed of mechanically moving membranes. This is because mechanical micropumps can be used for wide applications without any restrictions in pumping liquid [1] . Previously, a number of mechanical micropumps have been developed using various mechanisms, including piezoelectric [2] - [4] , electrostatic [5] , [6] , thermopneumatic [7] - [9] , electromagnetic [10] , bimetallic [11] and shape memory alloy (SMA) actuations [12] . However, most of them require either high operation voltages (piezoelectric and electrostatic actuations) or high operation powers (thermopneumatic, electromagnetic and SMA actuations). These devices are difficult to apply in certain application fields such as portable embedded medical devices, remote environmental monitoring systems, handheld chemical analyzers, etc., where both low voltage and low power operation are crucial factors. At microscale, surface tension is a relatively large force compared to other forces such as gravity or structural stiffness, and has been a serious hindrance to the successful fabrication and operation of microdevices. Electrocapillary and electrowetting, including continuous electrowetting (CEW), are interesting phenomena which show active use of strong surface tension at microscale. Beni et al. demonstrated the surface-tension-driven motion of a mercury drop in a glass capillary and applied this principle to an optical switch [13] , [14] . A micropump using the electrocapillarity of mercury was first theorized by Matsumoto and Colgate [15] , and was recently realized by Ni et al., who fabricated the pump using traditional manufacturing methods [16] . In recent years, Lee et al. reported MEMS devices, which employ the CEW phenomenon for generating linear and circular motions of a mercury drop with a small driving voltage of about 3 V and low power consumption (10-100 W) [17] . We have applied this actuation mechanism for a micropump in which the pumping membranes are deflected according to the pressure induced by the mercury movement in a microchannel. In this paper, we report the working principle of the proposed micropump followed by its fabrication process and experimental results.
II. PRINCIPLE OF ACTUATION MECHANISM
Electrowetting is an electrically-induced change of a material's wettability. Fig. 1 shows a schematic illustration of continuous electrowetting. Initially, without bias voltage, a liquid metal (typically mercury; gallium was tested for CEW in previous report [13] as well as low-melting-temperature alloys [18] , but not for the devices in this work). in a capillary filled with an electrolyte has a uniformly distributed charge density along the -direction. If a voltage is applied between two electrodes, the electric potential difference between the mercury and electrolyte varies along the -direction and this induces charge redistribution. The more highly charged the interface becomes, the more the charges repel each other, thereby decreasing the cohesive forces and lowering the surface tension. Therefore, the surface tension on the right-hand side of the mercury is less than that on the left-hand side. This gradient in surface tension induces motion of the mercury to the right, as shown in Fig. 1 .
III. DESIGN AND WORKING PRINCIPLE OF MICROPUMP

A. Structure and Working Principle of Micropump
The proposed micropump is composed of a stack of three wafers bonded together. The micro channel is formed on a glass wafer using a thick photoresist, SU-8, and this channel is filled with electrolyte and a mercury drop is inserted. The movement of the mercury drop pushes or drags the electrolyte, deflecting the membrane which is formed on the second silicon wafer by anisotropic silicon etch. The third wafer, which has passive check valves and holes on the silicon substrate, is stacked on the membrane wafer, forming inlet and outlet chambers. These two chambers are connected through a silicone tube. Fig. 2 shows the structure of the proposed micropump illustrated with the principle of pump actuation. In step 1, with a positive applied voltage to the electrode, the mercury drop moves toward the outlet chamber and the membrane moves downward, opening the valve in the inlet chamber while closing the valve in the outlet chamber. In this step, the liquid flows into the inlet chamber and comes out from the outlet chamber. In step 2, the polarity of the applied voltage is reversed to make the mercury drop move toward the inlet chamber. The actions in the two chambers are reversed and the liquid in the inlet chamber flows to the outlet chamber through the silicone tube channel. The oscillating mercury motion by alternating applied signals generates a net flow of liquid from the inlet to the outlet.
B. Design of Mercury Path
The gradient in surface tension induced by the externally applied voltage causes a pressure build-up, which initiates the motion of mercury drop. In this moving state of the mercury drop, the mercury is completely surrounded by electrolyte; therefore, the contact angle is considered zero at both ends of the mercury drop [19] . With this assumption, the pressure build-up by the CEW actuation is given by (1) where is the voltage difference between the two ends of the mercury, is the initial charge per unit area in the electrical double layer in the absence of the applied potential (in most of the aqueous electrolyte, the typical value of is 0.05 C/m ), and and are the depth and width of the channel, respectively. This equation shows that it is desirable to reduce the channel width and depth for high-pump pressure. However, with reduced channel size, the channel length must be increased for large volume stroke. The volume stroke is ideally equivalent to the channel volume of the mercury path extracting the volume of the mercury drop itself. Because the device size and the resistance of the electrolyte confine the channel length, the optimal channel width, channel depth and channel length must be carefully designed. In this work, the channel length is 4 mm and the cross-sectional area is 500 m 140 m; consequently, the volume of spouted electrolyte is 0.21 l, which will deflect the membrane up to 30 m. Though the channel dimension is not fully optimized yet, the volume stroke of 0.21 l is a sufficient value for micropump operation.
Another important factor that must be considered is the restoring pressure of the deflected membrane. If the restoring pressure of the membrane is larger than the pressure build-up by CEW actuation, the mercury drop will stop before arriving at the mercury stopper placed on the end of the channel. As a result, the volume stroke will be smaller than the channel volume. The restoring pressure of the deflected membrane can be expressed in the following equation [20] : (2) where and are Young's modulus and Poison's ratio of the membrane material, respectively, is membrane thickness, is the membrane sidewall length, and is the center deflection. From this equation, when the silicone membrane is deflected about 30 m, the restoring pressure is calculated to be about 1.3 Pa, which is much smaller than the pressure generated by CEW actuation. Therefore, in the current design the volume stroke is determined by the channel volume of the mercury path, and it is not affected by the restoring pressure of the membrane.
The mercury drop can travel an infinitely long distance if ideal nonpolarized electrodes are used. However, the platinum electrode is polarized when some amount of current passes through it. Just after the polarization of the electrode, the current decreases to zero and the motion of mercury drop stops. To suppress this phenomenon, we have designed the platinum electrodes at a maximum possible size (5 mm 5 mm) that is slightly smaller than the pumping membrane.
IV. FABRICATION
The micropump is composed of three parts-an actuator, membranes, and valves. Each part is individually fabricated and then the components are combined together. This section describes the fabrication processes for each part and the assembly process.
A. Actuator Part
The actuator part is fabricated on a glass wafer to observe the mercury motion as shown in Fig. 3 . The platinum electrodes are patterned on a cleaned glass wafer using a lift-off method. A thick photoresist, SU-8 (MicroChem Corp.), is spin-coated and defined at a thickness of 140 m, which will form the path for the mercury drop. Fig. 4 shows the fabricated actuator part with a magnified image of the mercury stopper, which prohibits reaction between the mercury drop and the platinum electrodes. The channel is 4 mm long and has a cross section of 500 m in width and 140 m in depth. Fig. 5 shows the process sequence for fabricating the membrane part. Thermal oxide is grown on a double-side polished silicon wafer and low pressure chemical vapor deposition (LPCVD) silicon nitride is deposited. Next, the SiO /Si N layer on the backside is patterned and the silicon nitride layer on the front side is removed. The membrane material is silicone rubber (KE1800T, Shin-Etsu Chemical Corporation). The silicone rubber is spin-coated at 5000 rpm for 30 s and cured at 120 C for 1 h and the final thickness of the membrane is about 80 m. After deposition of the membrane materials, the silicon wafer is etched in KOH from the backside. Finally, the oxide layer under the silicone rubber is etched in a buffered HF solution, defining the membranes whose area is 5.6 mm 5.6 mm.
B. Membrane Part
C. Valve Part
The fabrication of the valve part starts with a SiO /Si N deposited wafer (Fig. 6) . The SiO /Si N layer on the backside is patterned and the bulk silicon is etched in KOH solution. A Ti/Cu seed layer is deposited on a patterned sacrificial photoresist film on the front side and copper is electroplated to a thickness of 2.2 m. This electroplated copper has a compressive stress, resulting in valve bending. To compensate for this stress, nickel is electroplated to a thickness of 0.3 m on the top of the plated copper. Next, the electroplated Cu/Ni layer is patterned to form the cantilevers. Finally, the SiO /Si N layer is etched to form the valve holes and the sacrificial photoresist is removed. The cantilever is 660 m long and 310 m wide. The opening size of the valve holes is 180 m 180 m.
D. Assembly of Micropump
After the fabrication of the three parts, the electrolyte solution of 0.15-M Na SO is filled and a mercury drop is placed in the SU-8 mold and all three parts are assembled and bonded using epoxy bond. The inlet and outlet chambers are connected through a silicone tube which is attached on the wafer using epoxy. Fig. 7 shows a photograph of the fabricated mercuryplaced actuator part and the assembled micropump.
V. EXPERIMENTAL RESULTS AND DISCUSSION
A. Valve Characteristics
The relationship between applied pressure and flow rate of the fabricated check valves is illustrated in Fig. 8 . The static leakage of the valve in reverse pressure is observed to be less than about 4 l/min at lower pressures. However, the valve closes completely when the reverse pressure is over 300 Pa and the leakage is negligible in the range of the operating pressure of the micropump, which is about 700 Pa. At a pressure of 700 Pa in the forward direction, the flow rate is measured to be about 800 l/min, which is sufficient for the operation of the micropump.
B. Membrane Deflection
The center deflection of the pumping membrane has been measured using a laser displacement meter (LC-2420, Keyence Corp.). Fig. 9 shows the measurement data for the 5.6 mm 5.6 mm 80 m silicone rubber membrane. The maximum deflection for the silicone rubber has been measured as 13 m.
As was explained in the previous section, the silicone rubber has a very low Young's modulus (about 0.98 MPa). Therefore, very little pressure is required to deflect the membrane. The center deflection of the membrane is dominated by the channel volume of the mercury path, not by the pressure of the CEW actuation. If there is no leakage through the gap between the mercury drop and sidewall, the volume stroke is identical to the volume of the pushed electrolyte by the mercury drop. The shape of the deflected membrane has been simulated using finite element analysis (ANSYS) and fitted by sinusoidal functions. By using this equation, we can derive the center deflection of the membrane from the volume stroke. In this work, the pushed electrolyte is assumed to be about 0.21 l and the center deflection of the membrane is simulated at about 30 m. This calculated value is approximately double the experimental number of 13 m. The difference between these two values seems to arise from the leakage of the electrolyte through the corner gap between the mercury drop and the sidewall. More study is required to identify the discrepancy.
In the frequency range tested, the center deflection decreases as the operation frequency increases, as shown in Fig. 9 . At lower frequencies, the mercury drop moves along the nearly full length of channel path, resulting in little variation of the membrane deflection with respect to frequency. However, at higher frequencies, the mercury drop starts to travel less than the channel length, resulting in a reduction of electrolyte displacement and membrane deflection. We speculate that secondary effects become nonnegligible when the frequency is high and travel distance is short, such as acceleration/deceleration period and imperfection in fabrication (e.g., leakage, trapped gas). 
C. Power Consumption
The driving current is measured using a low noise current amplifier (SR570, Stanford Research Systems Corp.), which is connected in series with the micropump electrodes. Fig. 10 shows the measured waveform of the driving current for three operation voltages. The black lines are the driving currents for the channels with a mercury drop and the gray lines indicate the channels without a mercury drop. Each applied voltage is a rectangular waveform of a frequency of 25 Hz. With the operation voltages of 2.3 V, 2.0 V, and 1.7 V, the average power consumption is about 170 W, 120 W, and 90 W, respectively. This figure also shows that the average driving current is slightly smaller in the channels without mercury drops than in the ones with mercury drops.
D. Flow Rate, Pump Pressure, and Performance Comparison
The measurement setup for the micropump is depicted in Fig. 11 . Rectangular waveform voltages with various amplitudes and frequencies have been applied to the pads. The flow rate is calculated by measuring the moving distance of the liquid surface in a glass capillary for a given time. The pressure at the outlet is obtained by locating the inlet and outlet ports at different heights. Prior to the experiment, liquid is supplied into the device, so that the pump chamber is filled and a meniscus is formed in the capillary. In this experiment, the pumping liquid is deionized water. Fig. 12 shows the measured flow rates of the micropump using silicone rubber membranes when the square wave volt- ages are applied without backpressure. All measurements have been performed three times. The maximum flow rate is measured as 70 l/min at a frequency of 25 Hz with an applied voltage of 2.3 V. The flow rate is proportional to the product of the operation frequency and membrane deflection. In the low frequency range, the flow rate increases according to the frequency increment. However, the flow rate decreases in the upper frequency range, above 25 Hz, as the membrane deflection abruptly decreases as was explained in the previous section.
The linear dependence between the flow rate and the applied backpressure on the outlet is shown in Fig. 13 . A maximum pump pressure of about 800 Pa has been measured at the applied voltage of 2.3 V with the operation frequency of 25 Hz. If we neglect the pressure required to deflect the membranes and the flap valves, the maximum pump pressure is determined by the pressure build-up by CEW actuation that is directly proportional to the voltage difference between the two ends of the mercury , as was expressed in (1) . Though it is quite difficult to ascertain an accurate value for this voltage difference , we calculated the rough value by multiplying the driving current by the impedance of the mercury drop region, which was extracted from experimental data. Fig. 14 shows the electrical equivalent model for a CEW system where is the equivalent impedance of the metal-elec- trolyte interface, is the solution impedance, and is the impedance of the mercury drop region [17] . Each of these impedances includes some capacitors and resistors including double layer capacitance. However, for convenience of obtaining the voltage difference between the two ends of the mercury, the metal-electrolyte interface has been modeled by a simple impedance equivalent circuit. The magnitude of the voltage applied on the mercury drop can be calculated by multiplying the driving current to the impedance of the mercury drop region . The impedance between the two electrodes of the CEW system without a mercury drop has been calculated by measuring the currents for applied sinusoidal voltages of various frequencies, as shown in Fig. 15 . The rectangular and circular symbols represent the experimental results using 11-mm and 4 mm-long channels, respectively, filled with 0.15-M Na SO solution. The impedance difference for the two different channel lengths is constant for the entire range of frequencies. This shows that the solution impedance is a pure resistive component and can be calculated to be approximately 7.14 k /mm.
It should be noted again from Fig. 10 that the driving current is very similar for the two cases with or without a mercury drop. Actually, the average driving current for this 4-mm-long channel without a mercury drop is about 75 A for the operation voltage of 2.3 V and the voltage applied on the electrolyte in the channel is about 0.54 V/mm. Because the voltages applied on metal-electrolyte interface and electrolyte are the same for these two cases, the actual voltage drop across the two ends of the mercury drop (which is about 1 mm) will be very close to the one applied on the electrolyte of the same length. Therefore, the pump pressure can be estimated from the pressure created by CEW as given in (1), which is about 500 Pa from the given numbers:
of 0.54 V, of 140 m, and of 500 m. This estimated value was calculated using average driving current. In fact, the instantaneous pressure and the consequent pump pressure should be larger than this calculated value. When the device is vertically mounted, the gravitational force may influence the motion of the mercury drop. For the device tested in this paper, the pressure on mercury drop by gravity is calculated to be about 130 Pa, a nonnegligible fraction of the CEW actuation pressure. However, as the influence of the gravity is proportional and the actuation pressure is inversely proportional to channel size, the gravity effect can be ignored for the next generation devices with more shallow channels.
In Table I , the performance of the proposed micropump is compared with those of previous micropumps operated by various actuation mechanisms. Though this table does not show the reported data with fair normalization in detail, we observe that with extremely low power consumption and low-operation voltage, the proposed micropump achieves comparable performance.
E. Reliability
With the operation voltage of 2.3 V and 25 Hz, the fabricated micropump operated with little decrease in flow rate for 20 h, which is equivalent to 2 10 pumping cycles. After that period, the motion of the mercury drop slowed down and finally stopped, resulting in failure of pump operation. The main source for the failure is the contamination of the mercury drop [17] and this problem can be resolved by using another material for the mercury channel. However, we have not observed any electrolysis below the applied voltage of 2.5 V. In the case of higher applied voltages above 3 V, we have observed the electrolysis of the electrolyte on the Pt electrode or breakage of the mercury drop caused by the bidirectionally induced gradient of surface tension [19] .
VI. CONCLUSION
This paper has described the development of a surface-tension driven micropump utilizing CEW phenomenon. The CEW actuation uses local variation of surface tension for generating motion. All parts of the micropump, including check valves, silicone rubber membranes and a CEW actuator, have been fabricated using MEMS-based technologies, and the actuation of the micropump has been successfully demonstrated.
The center deflection of pumping membrane has been measured for various operation voltages and frequencies, showing a maximum deflection of about 13 m. The fabricated check valve has shown good operation for both directions of applied pressure. The operation voltage of the fabricated micropump was below 2.3 V and the power consumption was lower than 170 W. The maximum flow rate was measured to be about 70 l/min at a frequency of 25 Hz with an applied voltage of 2.3 V, and a maximum pump pressure of about 800 Pa was obtained.
The proposed micropump has achieved comparable performance to previous micropumps operated by various actuation mechanisms with extremely low power consumption and low voltage operation and can be used in application fields such as handheld micro lab-on-a-chips and portable biomedical devices where large pump pressure is not required. Further improvements of device fabrication are under development for more reproducible and reliable fabrication-including replacement of the silicone tube channel with a patterned glass substrate or polydimethylsiloxane (PDMS), electrodeposition of the mercury drop and local sealing of the microfluidic CEW actuators using permanent bonding methods such as anodic bonding.
